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PREIFACE

'l’hzs FFirst Teclhnical Report describes the work performed on Contract
DALIC15-73-C-0127 on Theoretical Studies of lligh-Power Infrared Window
Materials during tiie period from December 7, 1972 through June 30, 1973.
1‘ The work on the present contract is a continuation of that of the previous

p Contract DAlIC15-72-C-0129.

The following investigators contributed to this report:
Mr. H. C. Chow, research associate
Dr. C. j. Duthler, principal research scientist

Dr. A. M. Karo, consultant, Lawrence Livermore Laboratory,

Livermore, California
Dr. A. A, Maradudin, consultant, University of California, Irvine, California
1 Dr. D. L. Mills, consultant, University of California, Irvine, California

Mr. A, Mcoreira, research associate

Dr. L. ]. Sham, consultant, University of California, San Diego, California

o Dr. M. Sparks, principal investigator

b The material in this report constitutes the final results on the subjects cov-

” ered. The preliminary discussions of the theory of infrared absorption and material
failure in crystals containing inclusions and of the theory of multiphonon infrared
absorption presented in the reports of the preceding contract DAHC15-72-C-0129

4 are superseded by the results of the present report. In particular, the section on

the effect of inclusion of optical absorption in the previous Final Report contained

an error, which fortunately is not of practical consequence. The appropriate value
of reflection is the average value (R ) rather than the perpendicular incidence

value R .

ot

vi

AL L gL RO |



SUMMARY

Theory of Infrared Absorption and Material I'ailure in Crystals Containing

Inclusions. Two effects of inclusions in or on the surface of infrared-transmitting
materials are to increase the average value of the optical absorption coefficient B
and to cause localized heating that could lead to material failure at high-power
levels. Volume fractions as low as 10-7 to 10_8 of such inclusions can give rise
to a value of the optical absorption coefficient B of 10-4 cm-1, a typical value of

current interest. For various types of inclusions, the frequen:y dependence of B

! . 2 | . .
ranges from increasing as w, to independent of w, to exponentially decreasing

with w. The temperature dependence ranges from independent of T, to increasing
as TP in the high-temperature limit, where p = 2 -4 typically. Simple expres-
sions for the absorption cross section are derived for various cases of practical
interest. The cross sections are used to derive expressions for g for the four
cases of large inclusions of strong and weak absorbers and of small inclusions of
jelectric and metallic particles. The material failure resulting from local heeting
of inclusions is a far greater problem in high-intensity short-pulse systems than in
low-intensity long-pulse or cw systems having the same average intensity. Micro-
second pulses with energy densities as low as a few joules per square centimeter

can cause material failure.

Theory of Multiphon’ 1 Absorption in Insulagng Crystals. The nearly expo-

nential frequency dependence of the infrared absorption coefficient B recently
observed in fifteen crystals up to several i'mes the reststrahl frequency is ex-
plained in terms of multiphonor. absorption processes. The central-limit theorem
is used to reduce the multiphonon contribution to a simple closed form. Tlie theore-

tical estimates for the magnitude of the absorption coefficient, with no adjustable
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paramecters, are also in good agreen.ent with experiment. The temperature
dependence of B at a fixed frequency is shown to be considerably weaker than

B~ Tn-l, where n is the number of created phonons. Higher-order processes

in the perturbation expansion are shown to be negligible for small n, to be com-
parable to that of the lowest-order, single-vertex terins for n = 5, and to domi-
nate for large n in e typical case. Difference processes, in which some thermally
excited phonons are annihilated, are shown to be negligible with respect to the
summation processes in the r.early exponential region. An explanation involving
finite phonon lifetimes is proposed to explain the fact chat the alkali halides show

less structure in the - w curves than do the semiconductor crystals.

Temperature Dependence of Multiphonon Infrared Absorption. Measurements

of Harrington and Hass and of Barker indicate that the temperature dependence of
the infrared absorption coefficient § in the n-phonon region is considerably weaker
than 8 ~ Tn-l, which had been predicted for the high-temperature limit of multi-
phonon absorption. This discrepancy is resolved by taking into account the tempera-~
ture dependence of the phonon frequencies and the lattice constant. The agreement
between the experimental and theoretical results with no adjustable parameters is
good. A new evaluation of the multiphonon sums yields § ~exp(-wT ) directly,

rather than as a sum on n.

Theory of Infrared Absorption by Crystals in the High Frequency Wing of

Their Fundamental Lattice Absorption. We have calculated the frequelicy depend-

ence of infrared absorption in tiie classical limit for an exactly soluble model of a
lattice of noninteracting diatomic molecules, each bound internally by a potential
for which the classical equation of motion can be solved in closed form. Four poten-

tials have been used: a Morgze potential, a potential of the form V(x) = (a /x2 )+ bxz,
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an infinite square well potential, and a triangular well potential. The analytic
results we obtain show that the absorption coefficient for large frequencies associ-
ated with potentials which admit an harmonic appreximation decreases nearly ex-
ponentially over the frequency region covered by recent experiments, with signifi-
cant deviations from exponential behavior at higher frequencies. For the square
«nd triangular well potentials, the absorption decreases like w-z for frequencies

large compared to « characteristic frequency.

Temperature Dependence of the Absorption Coefficient of Alkali Halides in

the Multiphonon Regime. The theory of infrared absorption by an array of inde-

pendent, anharmonic oscillators is discussed. When the oscillator potential is the
Morse potential, the theory provides an excellent description of the temperature

dependence of the absorption coefficient at 10. 6y in NaCl and NaF reported by

Harrington and Hass.

Temperature and Frequency Dependence of Infrared Absorption as a

Diagnostic Tool. Recent developments render untenable a proposed method of

distinguishing between intrinsic and extrinsic infrared absorption on the basis
of the proposed temperature dependence. However, when the proper temperature
dependence of multiphonon absorption is accounted for and the possibility of other

intrinsic processes is taken into account, the temperature and frequency depend-

ence of the absorption of both the best available and intentionally imperfected

crystals should be useful in studying extrinsic processes.

Short-Pulse Operation of Infrared Windows without Thermal Defocusing.

The possibility of transmitting short infrared pulses through materials with little
thermally induced optical distortion is shown to exist. For sufficiently short pulses,
of the order of 10—8- 10-9 sec, the absorbed energy does not have time to thermalize.

Thus, the thermally induced optical disto.tion is greatly reduced.




Sec., A

A, INTRODUCTION

The motivation for this program on theoretical studies of high-power infrared
window materials, which is a continuation of a previous contract DAHC15-72-C-
0129, was the availability of high-power infrared lasers for current Department of
Defense programs and the realization that lack of transparent materials for windows 1
may limit the usefulness of many laser systems. Values of the optical absorption
coefficient B of candidate window materials were needed in order to evaluate the .'
potential performance of the materials. There had been no previous calculations
& of the numerical values of 8 in the highly transparent regions for materials of in-
terest (such as KBr and ZnSe at 10.6ym), and the currently available correspond- ,_il
ing experimental values were of questionable efficacy since they were believed to be

extrinsic (i.e., caused by imperfections that can be removed in principle. ).

The paucity of experimental and theoretical information cn the values of 8
was one of the most pressing problems in the present Department of Defense high-
g ' i power-window programs. It was especially important to know if the values of B
were intrinsic or extrinsic and to have reliable estimates of the intrinsic value of B
before undertaking imperfection-identification. and sample-purification programs
since th»re were many candidate msterials and these expensive programs should be

! undertaken only if there were a good chance of reducing B to the required value. i

3w G D

During the early stages of the previous contract it became increasingly ap-
parent that in order to obtain this information on f, theoretical and experimental
values of B were needed not only at 10.#ygm, but also over a large range of values
of frequencies and temperature. In the intervening eighteen .nonths there has been

considerable progress in our theoretical program and in experimer:dl and theoretical

7
:
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Sec. A

programs at other laboratories. We have explained quantitatively the nearly
exponential frequency dependence of the optical absorption frequency B observed

by Rupprecht and by Deutsch and the substantial deviations from the expected
temperature dependence observed by Harrington and Hass. The calculations are
based o a reasonable model of the lattice with the Born-Mayer interaction poten-
tial. They include the dispersion relations of the phonons, and the approximations
made were shown to be reasonable. The theory of intrinsic multiphcnon absorption
now appears to be complete, and the emphasis of the program has shifted to ex-
trinsic and nonlinear and other high-power absorption mechanisms. Although no
attempt wili be made to review the progress of other laboratories, it should be
mentioned that the Raytheon measurements of §(w) and our theoretical prediction
that there should be no drastic deviations from the extrapolations of the measured
B(w) have settled the question of whether the values of 8 measured at 10, 6 m are
intrinsic or extrinsic for most mateiials of interest and have afforded estimates of
the intrinsic values. With the exception of KC1, the estimated intrinsic values of
BIO. 6 for candidate 10.6pm window materials are well below the lowest measured

values.

A study (Sec. C) of tie effects of macroscopic inclusions in crystals, including
the increase in absorption and damage thresholds, has been completed. A study of
a propused quasi-selection rule for absorption and the first phase of a study of the
effects on abhsorption of parametric processes are nearing completion, and 2 number
of other problems, listed below, are under investigation. The following publications

and reports have been prepared under this and the previous contract:
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M. Sparks and T. Azzarelli, "Theoretical Studies of High-Power Infrared Window

Materials, " Xonics Quarterly Technical Progress Report No. 1, Contract DAHCI15~
72-C-0129, March 1972,

M. Sparks, ""Recent Developments in High-Power Infrared Wisidow Research, " Invited

Talk, 4th ASTM Damage in Laser Materials Sympcsium, Boulder, Colorado, June
i 14-15, 1972,

M. Sparks and T. Azzarelli, " Theoretical Studies of High~Power Infrared Window
Materials, " Xonics Quarterly Technical Progress Report No,2, Contract DAHCI15-
72-C-0129, June 1972,

M. Sparks and L. J. Sham, "Theory of Multiphonon Infrared Absorption," AFCRL
Conference on High-Power Infrared Laser Window Materials, Hyannis, Massachusetts,
; Oct. 30-Nov. 1, 1972,

M. Sparks and M, Cottis, "Pressure-Induced Optical Distortion in Infrared Windows, " i
AFCRL Conference on High Power Infrared Laser Window Materials, Hyannis, Massa-
chusetts, Oct, 30-Nov.1, 1972,

M. Sparks and L. J. Sham, "Exponential Frequency Dependence of Multiphonon Sum-
mation Infrared Absorption, " Solid State Commun. 11, 1451 (1972),

s 5%
et

M. Sparks, "Theoretical Studies of High-Power Infrared Window Materials,' Xonics ‘:'J,
Final Report, Contract DAHC15-72-C-0129, December 1972. ‘

M. Sparks and M. Cottis, ""Pressure-Induced Optical Distortion in Laser Windows, "
J. Appl. Phys. 44, 787 (1973).

M. Sparks, "Stress ~id Temperature Aualysis for Surface Cooling or Heating of Laser
Window Materials, " J. Appl. Phys., in press, September 1973.

A
’ M. Sparks and C. J. Duthler, "Theory of Infrared Absorption and Material Failure in
i Crystals Containing Liclusiors,” J. Appl. Phys., in press, july 1973.

3 M. Sparks and L. J. Sham, "Theory of Multiphonon Absorption in Insulating Crystals,"
; Phys. Rev., in press.

M. Sparks, "Short-Pulse Operation of Infrared Windows without Thermal Defocusing, "
Appl. Opt., in press.
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Sec. A
.' 4 M. Sparks and L. J. Sham, "Temperature Dependence of Infrared Absorption, "
A f submitted to Phys. Rev. Letters,
% C. J. Duthler and M., Sparks. " Theory of Maierial Failure in Crystals Containing
- Infrared Absorbing Inclusious, '™ ASTM 1973 Symposium on Dam.ge in Laser Ma-
4 { terials, Boulder, Colorado, May 15-16, 1973.
3 !_7 M. Sparks, "Temperature and IFrequency Dependence of I.frared Absorption as a
3 é Diagnostic Tool," submitted to Appl, Phys. Letters.
v i‘
r D. L. Mills and A. A. Maradudin, "Theory of Infrared Absorption by Crystals in the
? High Frequency Wing of Their Fundamental Lattice Absorption,” Phys. Rev., in press.
r A. A, Maradudin and D. L. Mills, "Temperature Dependence of the Absorption Coef-
" i‘: ficient of Alkali Halides in the Multiphonon Regime, " submitted to Phys. Rev. Letters.
£
P %_ C. J. Duthler and M. Sparks, "Quasi-Selection Rule for Infrared Absorption by NaCl-
- Structure Crystals," to be published.
E & C. J. Duthler and R. tlellwarth, "Mechanism for Surface Damage in Laser Window
¥ Materials, " to be published.
M. Sparks and H. C. Chow, "Nonlinear Infrared Absorption: Parametric Instabilities g
of Phonons, " to be published. 3
L. J. Sham and M, Sparks, "Explicit Exponential Frequency Dependence of Multi- g
phonon Infrared Absorption, " to be published. §
3

The following topics will be covered in the final report:
e Parametric processes in infrared absorption

o Infrared absorption by imperfections in crystals; ionic impurities, disloca-

tions, band-mode plus impurity mode absorptior, and surface imperfections
e Quasi-selection rule for infrared absorption

e Explicit exponential frequency dependence of multiphonon infrared
absorption

e Numerical evaluation of multiphcnon absorption coefficients

.
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e Explanation of surface damage cones observed in high-power laser
evperiments
e Explanation of well known anomalies in stimulated Raman and
g Brilloain scattering and moving focus filaments _
1 e Relative strengths of anharmonic interaction and higher-order-dipole
‘3 interaction in infrared absorption
! ks
i e Ultraviolet-induced infrared absorption. 3
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B. THEORY OF INFKARED ABSORPTION AND MATERIAL
FAILURE IN CRYSTALS CONTAINING INCLUSIONS

M. Sparks and C. ]J. Duthler
Xonics, Incorporated, Van Nuys, California 91406

Two effects of inclusions in or on the surface of infrared-
transmitting materials are to increase the average value of the optical
absorption coefficient B and to cause localized heating that could
lead to material failure at high-power levels. Volume fractions
as iow as 10-7 to 10-8 of such inclusions can give rise to a value
of the opticai absorption coefficient 8 of 10-4 cm-l, a typical
value of current interest. For various types of inclusions, the
frequency dependence of B ranges from increasing as wz, to
independent of w, to exponentially decreasing with w. The tem-
perature dependence ranges from independent of T, to increasing
as TP in the high-temperaturc limit, where p =2 -4 typically.
Simple expressions for the absorption cross section are derived
for various cases of practical interest. The cross sections are
used to derive expressions for f for the four cases of large in-
clusions of strong and weak absorhers and of small inclusions of
dielectric and metallic particles. The material failure resulting
from local heating of inclusions is a far greater problem in high-
intensity short-pulse systems than in low-intensity long-pulse or
cw systems having t! - same aver~re intensity. Microsecond pulses
with energy densities as low as a few joules per square centimeter

can cause material failure.
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I. INTRODUCTION

The problem of obtaining highly transparent window materials for
high-power infrared laser systems is of considerable interest. L2 In pai-
ticular, there is great interest in lowering the value of 8 for candidate
materials such as ZnSe, CdTe, KC1, KBr, and T1 1173 glass (Ge288b12 Se60 ).
Materials having values of 8 at least as low as 10-4 cm-1 are needed. It has
been shown3 that the absorptio: with 8 decaying exponentially with frequency w,

observed in a number of materiais, ~ is intrinsic and results from multiphonon

absorption.

The present investigation is concerned with another aspect of the problem - -
that of extrinsic absorption by macroscopic inclusions either in the bulk of the
crystals or on their surfaces. The results of this investigation are of practical
interest since it is believed the current experimental values of B for all candi-
date window materials for high-power 10. 6 4m systems are extrinsic. ~' The i
temperature and frequency dej~ndence of 8 derived in Sec. III should be useful

in experiments to determine whether B is intrinsic or extrinsic, especially as

improved materials become available.

Two aspects of optical absorption by inclusions are considered. First,
the spatial average of B is incrcased, thus increasing the overall heating of the
material. Second, the local heating in the region of an inclusion can lead to
material failure. The overall increase in the value of B can cause either

irreversible system failure, such as thermally induced {racture, or reversible

failure, such as thermal defocusing of the laser beam by the heated window. 5L
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For sufficiently large concentrations of inclusions, the localized heating can also
cause considerable optical degradation of the beam. In the present study it is as-
sumed that the corcentration of inclusions is so small that this localized-hecting
type of optical distortion is negligible. However, it shouid be mentioned that scat-
tering may be considerably greater at high-power levels than at low levels as a
resu’t of the scattering by the heated host material near the inclusion. This effect

she -1 he greatest for scattering near the forward angle.

Local material failure at discrete inclusion sites has been observed and studied
by others. &2 In these treatments, which were concerned with metallic inclusions
in glass hosts, the absorption cross section 0, . = (xnaz was used, where €, is
the bulk emissivity of the inclusion material and a is tize inclusion radius. The
resulting errors in O, ps 21 be large, especially for inclurions with diameters
less than the laser wavelength. The heating in transparent hosts of both dielectric
and metallic spherical inclusions will be considered as a function of inclusion radius
and laser pulse length, using more realistic models for the absorption cross section

and for the heat transfer from the inclusion to the host.

Absorption is of greater interest than scattering in the study of high-power in-
frared windows. A value of B = 10-4 cm-l for the absorption coefficient can cause
sufficient heating for the systen1 to fail, for example, by thermal defocusing or by
window fracture. But an equal amount of scattering Bscat = 10-4cnf1 mayv be toler-
able. Thus, scattering wili be neglected here, except tc mention that observation of
the associated scattering may help to identify the absorption mechanism in some
cases. Winsor10 has shown theoretically that scattering, especially in conjunction

with total internal reflection at the host-crystal boundaries, may increase the mea-

sured value of B by increasing the path lengths of the rays in the crystal.
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II. ANALYSIS OF ABSORPTION CROSS SECTIONS

In this section, the absorption cross section of an individual spherical

inclusion of radius a will be considered. The absorption cross section is not

; generally equal to the geometrical cross section 'na?‘. For ka << 1, where
k=2n/ AH , with AH the wavelength of the radiation in the host niaterial; the
value of oabs typically is small (oabs << ﬂaz ). In the case of ke »> 1 and

| €| >> 1, where € = EI/EH , With € and €, the dielectric constants of

the inclusion and host, respectively, the reflection: at the surface of the sphere

is great, which again makes Oabs << 'naz. Exact absorption cross sections

for spheres of arbitrary size can be obtained from the classic result of Mie.u’ 12

The Mie solutions are complicated in general, but reduce to simple results in

the limits ka >> 1 and ka << 1.

For small spheres (ka << 1), the Mie series is well approximated by the

first texm, which yields

12 € ka 9
C = mTa” , for ka<<1, 2.1)
abs 2 2
(en+2) + €y

where € = eﬁ + 1 € - Two limiting cases of (Z. 1) are of interest. For
€ << Eﬂ , which is satisfied for nonmetals at frequencies not too near the

fundamental resonance frequency or the high-frequency absorption edge, ]31

and €y are related by the expression

BI=2an"=: W ’ (2.2)
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where n = ng + ing9 . Using this result to eliminate €Jk in (2. 1) gives

12 n

O'abs = m (ﬁla)‘rraz b GJ << ¢ 0 (2.3)
R

The second limiting case of (2, 1) is that of small metzallic inclusions. The

Drude expression for the dielectric constant i313

2

w
€ = €_ - E , (2. 4) |
€(w” +iwl)

- o a x g Y
o e RS, e Sy £ PTI TN SR 4 LAWY

g where IT' is the electron relaxation frequency (often written as 1/7), €_ is the »-‘
i contribution to € from the core electrons, and wp = (4'n'Ne2/m )l/2 is the plasma !
E frequency, which has a typical value of wp = 5x 10" se.c-l. At 10,6 pm,

E @ =1.9X% 1014 sec-l. There are two contributions to the relaxation frequency I': "
B

13
T e ol
=1 But rSu » where the bulk contribution rBu has a typical value = of rBu |
= 5X 1013 sec . The value of the surface scattering contribution'* I"Su is ~vy/a,

where the Fermi velocity Vg has the value Ve = 108 cm/sec for many metals,

‘ 3 13 -1 1 a8 -
With rBu =5%x10""sec " and vp =10 cm/sec, r“u > rBu for a< ap = 200 & .

L

e e i e
g s

For typical metals at 10. 64 m, wpz >> |w2+ il l , and (2. 4) gives g .“’
2 2 -

€ €, = -~ = - 1-i—1, €. +2 = €4 . 2.5) Pl
i w2+iwI" wz+I‘2 ( - R R *

Both the real and imaginary parts of the dielectric constant are large in magni- 0
tude for small particles of typical metals at 10. 6pm. Substituting (2.5) into

(2.1) gives

TR s e P AT

13




Sec. B

2. . =
Ly 22w wg >> | w +iwl| , (2. 6)

for metals with ka << 1.

Next consider the case of large spheres (ka >> 1). Using geometrical

optics and the identity 1+ x + x2+'“ = (1 -x)-1 , where x = Riexp(-BId),

with R, the internal reflection coefficient and d the distance the ray travels

i

-;. in traversing the sphere once, gives

1
-B;d -B+d -1
0

where R = (|1'p |2 + |rn |2 y/2, with r‘p and r the Fresnel reflection coeffi-
cients for the two polarizations, d the distance that the refracted ray travels

_; through the sphere, and 6 the angle of incidence.

There are two limiting cases of (2.7) of interest. First, for Bla >>1,

which is typically satisfied for metals and strongly absorbing dielectrics, (2.7)

E yields
o = ma’ (1-(R)) 2.8
abs Sl |
b where the average reflection coefficient (R) is defined as

1
GRS = 5 Rd(cosze) p
0

For fa << 1, in the limit of small index of refraction, using | ng -1 | << 1,

R = Ri =, and d = a cosb in (2.7) yields

14
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=

4
G -3—51778 . (2.9)

As ng departs from 1, Oabs first increases slightly for small In -1 | and
eventually goes to zero when R goes to one. Notice that (2.9) has the same

functional dependence on a as (2. 3), but with a slightly different coefficient.

& For merallic inclusions, a schematic illustration of the absorption efficiency

oabs/‘naz, obtained by sketching the results (2. 6) and {2. 8), is shown in Fig. 1.
The dashed line represents the asymptotic values obtained from (2. 6) with

/ I‘~a-1(for a << ar.). from (2. 6) with 1"~a0 (for arp << a << k-1 ), and

1

from (2.8) (for a >> k ). The extrapolated dashed curve from (2.t} with

a >> ap intersects the dashed curve from (2. 8) at

wpzc(l- ()

% ~ 372 2 (2. 10)
4 12 € W I‘Bu

which occurs near k-l for many metals in the infrared. The solid curve sche-

matically illustrates the results in the intermediate regions a ~ ap and a ~ a .

The dashed curve will be sufficient for the order-of-magnitude estimates of

;1 overall absorption and failure intensity in Secs. III and IV.

| In dielectric inclusions, Bla << 1 typically is satisfied except for very !
strong absorbers with rather large radii. (For example, ,-SIa =1 for BI = 104 m

cm-1 and a = 14m.) For Bla << 1, the absorption cross section is given by }

i (2.3) for ka << 1 and by (2.9) for ka >> 1. Since these two limiting results a :
4 " both are of the form ¢, ~ BI a3. with only slightly different coefficients, the 'i .:
1 approximation @, . = A Blaa. with A the average of the two coefficients, will ‘f
1 be used for all values of ka.

15 1
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Figure 1. Absorption efficiency of a spherical metallic inclusion
as a function of radius.
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g The absorption efficiency for dielectric inclusions is qualitatively similar
&
i to that sketched in Fig. 1 for metallic inclusions, with two exceptions. First,

for ka << 1, (2. 3) indicates that oabs /1Ta2 « a, and the constant region at

small a does not occur for dielectrics. Second, the extrapolated linear region

crosses the large a asymptotic region near BI_I, rather than 'k-l. This can

be seen from (2. 8) and (2. 9), which are valid for a > ﬁ{l and a < Bl-l , 5

respectively. In.some cases with ng-1and n g small, the exact Mie solution

. 2 b
yields O ~ Ta near ka = 1,

For large-bandgap semiconductors, such as AlP, SiC, and ZnS, the dielectric-

T, T ST L TR S A e PR T

inclusion results above can be applied. The absorption by small-bandgap semi-

P

conductors is more complicated than that by dielectrics and metals in general,
and will not be considered explicitly. Problems can occur involving tempera-
ture dependence of the electrical conductivity, increased absorption caused by
free carriers that are created in the absorption process, and the resulting l

thermal runaway. -

et eV . 3 O
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I1I, ABSCRPTION E FFICIENCIES FOR VARIOUS TYPES OF INCLUSIONS

The above cross sections will now be used to calculate properties of the
absorption coefficient for crystals containin various types of inclusions. The
. . . L -4 -1

volume fraction f of inclusions required to make B =10 cm , avalue of

current interest, will be determined.

Consider a sample consisting of a nonabsorbing host material of dielectric
constant € (real) containing NI inclusions per unit volume, each inclusion
having absorption cross section 0, . Multiple scattering will be neglected --

a reasonable approximation for the present case of small impurity concentrations.

The well known result for the absorption coefficient B of the sample is then

3.1)

For small dielectric inclusions, G 2al is given by (2. 1), which when substi-

tuted into (3.1) yields

9n&
B = | B for ka <<1, ¢, %1, (3.2)

2
(€&+2) +€g

where the factor in the bracket typically has a value near unity. The absorption
coefficient in (3.2) is independent of a, but is strongly temperature and fre-
quency dependent in general. If ;31 is controlled by, say, the n-phonon summa-
tion process, then f ~ T in the high-temperature limit, and B decays

: for strongly absorbing

5

exponentially with frequency. Using ’SI = 10 to 104 cm~

inclusions, (3.2) gives B = 10" 4cm! for volume fractions of £ = 107" to 1078,

18
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In the case of large dielectric inclusions, there are two possibilities.

First, for ka >> 1 and BIa << 1, using the geometrical-optics absorption
cross section (2.9) yields B « BIf with a numerical factor near unity, as in

(3.2). For ka >>1 and BIa << 1, (2.8)and (3.1) give
B=‘na2(1-<R))NI=3(1-(R)f/4a, ka>>1, BIa<<l. (3. 3)

The absorpti ' rocificient in (3. 3) is proportional to a—1 for a given value

of f and is generally temperature independent, except near the reststrahl region

where (R) is strongly temperature dependeni. For 1-(R) =1 and a = 1072

to 10_3cm, (3. 3) gives B = 10_4 cm for f in the range from 10‘6 to 10—7.

For large metallic inclusions, the value of (1- (R)) in (3. 3) is small

(< 1/10), since the reflectivity cf metals in the infrared is grear. As a result,
the volume fraction of inclusions for f = 10_4 cm is increased by a factor of at

least ten over the corresponding dielectric case.

Next consider the case of small metallic inclusions. From (2. 6) and (3. 1),

9€H3/2 w2l £
(3. 4)

cw?
P

™
v

This expression shows that B increases quadratically with frequency. For
temperatures greater than room temperature, the electron relaxation frequency
T and hence B increases linearly with temperature having a typical fractional

Bu
ineredse of 1002 per degree Kelvin. With €H3/2 =10, w=w_ /23, and

' T =5x 1014 sec_l, an incluéion volume fraction of f = 4 X 10_8 results in

B = 10-4 cm_l.

19

N

~%




The absorption by small metallic inclusions has a peak that typically lies

k
%
K
I

; in the ultraviolet or visible region. w The value of B at this peak is much

greater than the value in the infrared. Thus, ultraviolet and visible measure-
ments of absorption or scattering can be used to verify the source of absorption

by small metallic particles in the infrared.

Consider, as an example, small potassium spheres in KC1 or KBr. 3
F centers can be transformed to colloidal potassium (small spheres) by heating
the rt'ystal.ls"r7 The transformation is enhanced by ultraviolet radiation.

The wavelengths )LO of the peaks for the small potassium spheres in KC1 and

KBr are 0.730 and 0.770 pum, respectively. 18 In the visible and ultraviolet, i
2 b

E ‘ 1"2 << @“, and (2. 1) and (2. 4) give, with k = ny w/c 3
2 2
w w

1 G =tc oy _SED 5 +i pl; )

; €@ € w !
1 f-

B = , (3.5) /
2 2.2 9, 2 |
(w* - «y ) + (I‘wo /) =

wher.:

) 2 9. 3 4

; = Y _ H ™0

3 “o 2¢,t€ ’ B ey B Rva— L

1 HY "o P cw T

Notice that for fairly narrow lines (T’ Z wO/IO =B = ﬁpk at the peak at

@ = @y, and I' is the full line width between the points 8 = -é— B K
P
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3 |7
Dividing Bpk by the infrared absorption coefficient in (3. 4) gives '

4 J"l A

By %o ]

B i 2 2 . (3. 6) :‘I 9

R “R T *

i g

i
; 14 -1 £
3 For A, = 2mc/wy = 0.754m, Ap = 10.6pm, and T = 5 x 10" sec™, | A
3

(3.6) gives i

8 |

B—P-k— - 6.4x10° . (3.7) F

10.6 1

4 -1 . ST | &
n For 8 =10 "cm ~, (3.7) gives Bpk = 6.4 cm ~, which would produce a : &

visibly colored crystal. Uncolored KBr or KCI with ﬁpk <107 em™ would

have 310. 6 <1l.6 X 10-4 cm-l, and the contribution from potassium colloids
to the infrared absorption would be small. Colored crystals could have a

greater contribution to B from this source. It should also be mentioned that
’5' impurities in the form of F centers, which give rise to strong absorption in

1 the visible region, may not give rise to detectable absorption in the infrared.

I
‘% .
* r
E | |1
]




1V. MATERIAL FAILURE FROM LOCAL HEATING

The heating of macroscopic inclusions can give rise to localized regions
of high temperature that can cause material failure when the intensity is great.
This is not a nonlinear effect, but is usually important only at relatively high
intensities. For times short with respect to a characteristic time for heat to
diffuse a distance a, very roughly speaking, most of the energy ahsorbed
by the inclusion remains in the inclusion. Thus, the temperature in the inclu-
sion increases linearly with time. For times large with respect to the char-
acteristic time, part of the absorbed energy has diffused into the host crystal,
and the temperature rise in the inclusion is considerably less than the value
obtained by neglecting diffusion. Thus, a given amount of energy will cause a
| greater temperature rise if it is deposited in a time that is short with respect
to the characteristic time than if deposited in a time long with respect to the
characteristic time; the local heating of macroscopic inclusions is a more
'i" | severe problem in high-intensity short-pulse systems than in low-intensity

long-pulse or cw systems of equal average intensity.

=

,; The criterion for failure of the window material depends on the details of
the laser syste.n and the type of materia. and inclusions. Since there is no

‘ universal criterion, it will be assumed th... a temperature rise of 1,000 K

constitutes failure. This is a reasonable choice for the following reasons:

This temperature is approximately the correct value for melting temperatures

and fracture-inducing temperatures. The latter have typical values of the order

0f18--/.00f /0 E, where Of is the material strength, o the linear thermal expan-

sion coefficient, and E the Youngs modulus. For Op = 105 psi, ¢ = 10 ~ and
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E = 107 psi, the temperafire corresponding to fracture is 1,000K. Heats of
fusion have tvpical values corresponding to several hundred degrees Kelvin.
At 1, 000K above ambient temperature in materials which do not melt, the
jonic diffusion may be important. Although order-of-magnitude accuracy in
temperature usually is not sufficient, order-of-magnitude accuracy of intensi-
ties corresponding to failure is all that can be expected at present, and this is
often adequate. Since the present interest is in this failure intensity If , and
the failure temperature 'I‘f is linearly related to If. the value 'I‘f =1,000K

should be sufficient for present purposes.

Two important features of high-power laser-window failure are that failure
of the weakest part of the window can constitute system failure, and that fatigue
and other multiple-pulse effects must be considered when repeated pulses must
be withstood. Concerning the former, a single inclusion in a window conceivably
could cause failure. As an example of the latter, in a single-pulse measure-
ment, a laser glass conceivably could melt locally and recrystallize without
leaving detectable damage. For a window in a pulse-operated system, the local
absorptio: coefficient could be changed by the high temperature associated with

the first pulse or the first n pulses, thus causing increased absorption in sub-

sequent pulses with eventual failure.

Bloembergen21 has suggested that local field enhancement, such as that
occurring at the edge of a crack (n a material, may give rise to local intensi-
ties up to 100 times greater than the nominal external intensity. Thus, if an
inclusion is in the high-intensity region, this effect could lower the failure in-'
tensities calculated below by a factor of the order of 100. Local field enhance-

ment can also occur when one inclusion is at the focal point of anothe. Since

23
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focusing is limited by diffraction when ka < 1, the focusing by large, weakly
absorbing inclusions is most severe. Focusing by surface imperfections also

could occur.

e s a3

. T ST ST SR S A

The temperature rise below the melting point can be calculated simply for
the following model. The spherical inclusion of radius a is assumed to have
temperature-independent values CI and KI of heat capacity per unit volume
and thermal conductivity. The host crystal is assumed to have temperature-
independent values CH and KH . The boundary between the two is assumed to
be thermally perfect ; that is, there is no thermal impedance. lleat absorption

by the host crystal is assumed negligible. The relaxation time required to

hl

:
E

transfer energy to heat from the modes that absorb energy is assumed to be

much shorter than the laser pulse duration.

Simple solutions to the heat-flow equation

K92T + C a-?-: S (4.1)

will be derived for a series of limiting times for the cases of uniform heat gen-
eration within the volume of the inclusion and of uniform heat generation over

the surface of the inclusion. In (4.1), S is the rate at which heat is generated

per unit volume,

First consider the case of spatially uniform heat generation within the

inclusion at the rate

3
= /
S=30, 1/4ma (4.2)

A R T T R T

i per unit volume, where I is the incident intensity. This applies for dielectric

inclusions with BIa << 1 or for metallic inclusions with skin depth 6 > a.

k 24
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Roughly speaking, the thermal time constant

T = Ca’ /4K (4.3)

is the time required for heat to diffuse a distance a in either the inclusion or 3 R
the host when the appropriate values of C and K are used. Subscripts I and H
will denote the values of T in the inclusion and in the host crystal, respectiively.
For short times t << T, the diffusion of heat out of the inclusion is negligible.
The term KIV 2 T in (4.1) is then negligible. The temperature at the center of % :

the inclusion is, from (4.1) and (4. 2),

_ 3 .
T, = 30, It/4ma"Cy , for t << T, (4. 4)

for T defined as zero at the time the laser is turned on (t=0).

For long times t >> TI' TH , equilibrium is reached with the host material

conducting heat away from the inclusion at the same rate that it is generated

within the inclusion. In this case the temperature is obtained by solving (4.1)

AR e na

By s PR Liar P ot AR bl ot
b el L~ st L s e a
5 oty e i =

with 3T /3t = 0 in both the inclusion and the host. Using V2 r2 =6,V % (1/r)=0
for r> a, and the boundary conditions that the temperature and the heat flow
be continuous at the inclusion surface, yields the steady-state value at tl.e in-

clusion center.

30 I
abs 1 _ 1 (2 1 )
T w = WAl E = | 7— + . (4.5)
C 81'raKeff Keff 3 KH KI

For short and long times, the temperatures are approximated by (4.4) and

(4.5), respectively. These are shown as dashed lines in Fig. 2, while the actual
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Figure 2, Temperature at the center of a spherical inclusion as a function

of time in ihe case of volume heating.
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temperature is sketched as the solid lirc, The extrapolated short-time curve

intersects the steady-state value at the time T

ir = (2K[/K g) T, which is

found by equating (4, 4) and (4. 5).

Next consider the case in which the heat is generated near the surface of

the inclusion, rather than uniformly throughout its volu:xe, Such is the case
for metallic inclusions in dielectric hosts, where a typical value for the skin
depth 6 is 40 A (Cuat A =10.6pm ),13 or for dielectric inclusions with

BIa >> 1, where I/BI is of the order of 10-3cm for strong absorption.

For spherical inclusions with radius a >> 8, it is assumed that heat is
generated uniformly within a layer of thickness 0 over the entire surface of
the inclusion. This is a good approximation for a << A because the electric
field is nearly constant over distances of the order of a.  In general,
there will be local hot spots over the surface -- not only on the front surface,

but also on the rear surface.

Th.ere are three characteristic times of interest, First,
T, = 4C 62 /1K (4. 6)
) I I ‘

is roughly the time in which heat diffuses out of the skin depth, assuming negli-
gible diffusion into the host for small time, since KH (dielectric) << KI (metal).

Second,

_ 2
T, = 4Cja" /91K, (4.7)

is the time in which heat diffuses from the inclusion surface to the center,

roughly speaking. Third,

i
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is roughly the time in which heat diffuses a distance equal to the radius of the
inclusion into the host. The values of the numerical coefficients in (4. 6)-(4. 8)

are chosen for later convenience.

For t << s and 6 << a, the spherical shape of the inclusion surface
is not important, and the solution to the simpler problem of heat generation in
| a thin plane slab can be used. In this case, the temperature is obtained from
the Laplace-transform solution of (4. 1).22 The solution to the transform equation

at the inclusion surface is

T(x=6,p) = =

I
| C VT K +/C K, p®

1/2
where q = (p CI / KI) / . Taking the inverse transform and keeping only the

dominant term for t small yields the temperature at the inclusion surface

vC: K Io Io

T. = 1 11 abs ¢ = abs

S C 2 B 2
I (»fCIKI +@HKH) 4ma” o 4ma GCI

s t<<1'6 . 4.9

In (4.9) and in the equations below, the approximate equalities are valid for

CiKy 2> CyKy .

problem can be approximated by a delta-function source at x = 0. Using the

For s <L 7 Tar the heat generation in a plane-slab

method of Laplace transforms and keeping the dominant term for small t
yields

Io
T = 2 abs tl/2 ’

S /1 (/K +/CK)) 4122

s Kt << Ta * (4. 10)
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A 1
When t >> T,» -ne temperature inside the spherical i:iclusion reaches a
" spatially uniform value. The present problem then is equivalent to uniform
heat generation within an inclusion of infinite conductivity and the previous
result (4. 4) can be used to obtain
. - 3lo,, t
T. = _____;bs 1 T, << t<<Ty . (4. 11)
; 4ma CI i
¥
For t >> Ty » the temperature inside the spherical inclision reaches 2
an equilibrium value that is spatially uniform. This case is again equivalent
" to uniform volume heating within an inclusion of infinite conductivity, and (4. 5)
- ylelds .
. Io
E B abs
-;;‘ 1 = T > . .
Tse = 77 R g (4. 12) 4

The temperature at the surface of the spherical inclusion is sketched in

Ea IR S

, Fig. 3 for the various time regimes in (4. 9)-(4. 12). The extrapolated low-

temperature linear time-dependent section of the curve intersects the t L i

'

/3

3 curve at the time s = Tg» at which time the temperature is 1
. Ido,, 1 vCi K _ 16 Oobs -

0 22 K (VER+/C Ky)  nlalK, :

1/2 . . .
At t = ts the extrapolated t / curve intersects the second linear region.
The temperature at this intersection has the value

T = Icrabs cI o Icrabs

a 2 2 2
3n a(/CHKH+JCIKI) 37" akK

(4. 14)

I
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Figure 3. Teraperature at the surface of a spherical inclusion as a function 3
of time in the case of surface heating. ;
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and the value of ta is

t = 1 = 7 (4. 15)

a > )
97 ( C“l\H +\/C1l\1)

a

At the time toq = (CI/CH) Ty o the extrapolated linear curve crosses the
equilibrium value given in (4. 12).

Consider the effect of inclusion size on the failure intensity If . 'The various

time regimes in Fig. 3 depend on inclusion size in such a wav that if the pulse

length is fixed, long times in the figure are associated with small inclusions.

For example, the time teq at which the temperature reaches equilibrium is

equivalent to an inclusion of radius aeq = (3 KHt/CI) 1/2 for a pulse of dura-

tion t. The temperature is then given by (4. 12) for a < aeq' Similarly, the

time t, in Fig. 3 corresponds to a size a, = (97 Klt/4CI)1/2, and the tem-

perature is given by (4.11) for aeq <a< a . Next, the time tg is independent

size and is determined by the skin depth and thermal properties of the inclusion.

cf

In the case of metallic inclusions, tg is typically of the order of 107" sec,

which is much less than most laser pulse durations of interest. Hence, the first
linear region in Fig. 3 given by (4. 9) does not occur, in general, and for a = a,

the temperature is given by (4. 10). To determine the temperature in a pulsed

system as a function of the inclusion radius, the dependence of Ops O0 2 in

(4.9)-(4. 12) must be included. In the case of metallic inclusions, the dashed

curve of Fig. 1 is used as an approximation for 0, For a given type of in-

clusion in a particular host, the radii ap and a, at which the functional de-

pendence of the cross section changes are independent of the pulse duration,

while the radii a and aeq are both proportional to tl/ and decrease with

decreasing pulse length.

31




which can

There are six combinations of the sequence of ar » s at . aeq
occur for different pulse lengths, The temperature as a function of inclusion
size is sketched for each of these cases in Fig. 4, with the pulse duration de-
creasing in going from A to F. For a given type of inclusion, the curves C

and D cannot both occur. The applicable case will depend on the relative size
of ratios a, /aeq and ay /ar .

Consider the example of metallic inclusions with the laser wavelength

15

equal to 10.6um. Using the typical values wp =5x10 sec_l, I"B 8

=5% 10
u

-1 _ 32 .. . B .
sec , (1-(R))=0.1, and €y = 10 in (2.10) vields a = 4um. A typical

value of ap is 200 k. Using CH = CI = 2J/cm3K, KI =2W/cmK and
5

KH = 10-2 W/cmK, these typical values indicate that aeq = a when t = 10

sec, a, = a, when t =2X 10-8 sec, a = a2+ when t=3X 10_10 sec, and
t k eq T

a, = ap when t=6X 10_13 sec. Hence, curve A applies for t < 10-5 sec,

that is, in the range of cw or millisecond pulses. Curve B applies to micro-

second pulses, curve C or D to nanosecond pulses, curve E to picosecond

pulses, and curve F to subpicosecond pulses.

The maximum temperature for a micro second duration pulse occurs for

< < in Fig. _ \ .
aeq a a, in Fig. 4B, where aeq 1 ym using the above parameters
For radii in this range, the temperature is given by (4. 11), which is evalu-
ated at a = a, using the absorption cross section (2.8). With the above values

in (4.11), the failure temperature of 1,000 K occurs for a pulse energy of

N 2T . e :
3] /cm® with micron-size inclusions.

With a nanosecond duration pulse, the maximum temperature again occurs

near a = ay in Fig. 4D and is determined from (4. 10). In this case, the

failure temperature occurs at a pulse energy of 2] /cm2.
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4 Next consider a cw system with I = 300 W/cmz, an intensity which is

4 equal to the average intensity of a repetitively pulsed system with a pulse

| energy of 3] /cm2 and a 100 pulse/sec repetition rate. In this cw case, the
temperature of an inclusion with a = a, is determined by (4. 12), which yields

. a temperature rise of less than 1K above ambient. Hence, the pulsed system
would fail on a single pulse, while the cw system of the same average intensity

would have a negligible temperature rise.

At laser wavelengths other than 10. 6um, the various curves of Fig. 4
correspo.ad to pulse durations different from those listed above. Consider the
case of platinum inclusions in a glass host with A = Ipm. Fitting the Drude
expression (2.4) for the dielectric constant of platinum to tabulated values of

the refractive index23 yields the values for the parameters ¢ wp , and If}u’

-1

which together with €H3/2 = 3 when substituted into (2. 10) gives a = 400 A

k- for platinum inclusions in a glass host. In this case, using K; = 0. 7W/cm2 )

-2 3 3
KH =1.3x10 “W/cmK, CI =2,8] /cm” K, and CH = 3.8]/cm K’aeq=ak

when t = 10-9 sec. Hence, curve A applies for pulses longer than a nano-

second duration, and the maximum temperature Tmax occurs at a = aeq :
This example with a pulse energy of 20]/ cm2 and a pulse duration of 30 nsec

has been considered previously by Hopper and Uhlmann.8 With this pulse

o duration, T occurs at aeq = 0.2 um. Using (2.8) with (1-(R))=0.2 at 4

4

this wavelength, (4.12) yields Tmax =5x 10K, These results are in rea-

sonable agreement with results shown in Hopper and Uhlmann's Fig. 3, which
presents a plot of T versus a that agrees with Fig. 4 A only for the region

ay <a< a, = 2.3um. In their curve, a maximum temperature of T=2.5X 104
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occurs at a = 0.2 um, the difference in temperature resulting from th
extrapolations made in curve A. In the region a < a, , their results are not

i |18 . . 2
valid since the incorrect cross section Uabs = Gx'rra was used.

In the case of dielectric irclusions, volume heating is used for BIa <1,

and surface heating is used for BIa > 1. The time L separating the two
regions of Fig. 2 given by (4. 4) and (4. 5) corresponds to a radius a_ ¢
= (2 Keff t/ CI )1/2 for a pulse of duration t. In the volume heating range
with BIa < 1, the absorption cross section is proportional to a3 with
slightly different coefficients for ka << 1 in (2. 3) and for ka >> 1in (2.9).
Using Oups & a3 with the average of the two coefficients for the entire
volume heating region, (4.4) gives TC = aO for a ¢t <a< BI-I and (4. 5)
gives TC o a2 for a < acff where it is assumed that BI < k. These results
¥ are sketched at the left side of Fig, 5.

For surface heating of strongly absorbing dielectric inclusions with

3emL, a! = g4 e K I¥arrdd K, = 102 W/emK, T4 is of the

f order of 104 sec. This value is much greater than pulse lengths of interest,

B=1/6=10"cm"
and the first linear region of Fig. 3 given by (4. 9), which was only of academic
interest for metals, is now the only surface heating region that applies. Be-
cause Bla > 1 for surface heating and generally ka :>> 1, the absorption cross
section is Oabs = (1-(R)) ‘naz, according to (2. 8). Substituting (2. 8) for

c into (4.9), the surface temperature is independent of a. This is sketched

abs
at the right side of Fig. 5 for BIa > 1,

<1 Fig. 5 the maximum temperature occurs for a ¢t <ac< l/BI. Using

= 0.8 6Ina3, CI = 2J/cm3K, and BI ranging from 10 to 104 cm_l. the

B 0abs
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failure temperature of 1,000K occurs for pulse energies ranging from 0. 3J/cm2

72
[0
%
=
B ,i.lk-!ﬂ;n'—ﬁ.éﬁ‘fim s :

to 300] /cmz. For microsecond duration pulses a,ff is of tne order of 10_4 cm, 4 '

I

and for nanosecond pulses is of the order of 300.3. , where Keff = 10_2 W/cmK

VRS 1o

is used.

Many other examples, in nearly every case of practical interest, could be
derived using the simple results developed above. The extrapolations from the
simple limiting cases to the intermediate regions, such as using the dashed
rather than scolid curve in Fig. 1, tend to overestimate the temperature, or

underestimate the pulse energy at the damage threshold, but only by factors

s = e T R I St

typically of order 2.
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V. CONCLUSIONS

Simple limiting expressions for the absorption cross sections of inclusions

derived in Sec. II are used in Sec. III to obtain expressions for the optical ab-

sorption coefficient 8 for the cases of large (ka > 1) and small(ka < 1) dielec-

£ tric and metallic inclusions. For various types of inclusions, the frequency

dependence of f ranges from increasing as w2, to independent of w, to expo-
nentially decreasing with w. The temperature dependence ranges from inde-
pendent of T to increasing as TP in the high-temperature limit, where p = 2-4
typically. The examples in Sec. III illustrate that for strongly absorbing dielec-
tric or metallic inclusions, impurity volume fractions as small as f = 10-8 can
result in infrared absorption coefficients of the order of 10 *cm™!, which are
currently observed. The impurities are not necessarily limited to the bulk of
3 the crystal, but may be on the surface as would occur for a surface contam-

inated by polisiting compounds, which generally have large absorption coef-

ficients.

In Sec. IV failure due to local heating of dielectric and metallic inclusions
in pulsed anc cw sysiems is examined, and schematic results are given for
3 many limiting cases. Local heating is a 1ar greater problem in short-pulse
systems than in long-pulse or cw systems having the same average intensity
as the short-pulse system. In the case of micron-size metaliic or dielectric
inclusions, pulse energies of a few joules per square centimeter are sufficient
to cause local damage. In special cases where the inclusion is adjacent to a
crack or other imperfection or near the focal point of another inclusion or
other imperfections, the damage thresholds could be lower than our calculated

values by as much as two orders of magnitude.
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v C. THEORY OF MULTIPHONON ABSORPTION IN INSULATING CRYSTALS*

M. Sparks
Xonics, Incorporated, Van Nuys, California 91406
and
L. J. Sham
University of California, San Diego, La Jolla, California 92037, and

Xonics, Incorporated, Van Nuys, California 91406

The nearly exponential frequency dependence of the infrared
absorption coefficient f recently observed in fifteen
crystals up to several times the reststrahl frequency is explained in
terms of multiphonon absorption processes. The central-limit theorem
is used to reduce the multiphonon contribution to a simple closed form.
The theoretical estimates for the magnitude of the absorption coefficient,
with no adjustable parameters, are also in good agreement with experi-
ment. The temperature dependence of B at a fixed frequency is shown
i to be considerably weaker than 8 ~ Tn-l, where n is the number of
created phonons. Higher-order processes in the perturbation expan-
i sion are shown to be negligible for small n, to be comparable to that
of the lowest-order, single-vertex terms for n = 5, and to dominate
for large n in a typical case. Difference processes, in which some
thermally excited phonons are annihilated, are shown to be negligible
with respect to the summation processes in the nearly exponential
region. An explanation involving finite phonon lifetimes is proposed

to explain the fact that the alkali halides show less structure in the

B -w curves than do the semiconductor crystals.
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I. INTRODUCTION

:
i
¥

The intensity I of infrared radiation propagating through a solid typically
decays according to Beer's law, I = I0 exp(-Bz), where B is defined as the

optical absorption coefficient. Extensive experimental and theoretical studies

= Y T

s SR e
i B sl b i S Rl
s
P T e i I T T T . - -

have been conducted on the absorption due to phonons in insulating or semi-
conducting crystals. Refs. 1-4 represent some recent reviews on this topic.
The main interest has been focused on the two-phonon region where B>> lcm_l,
and particularly on the structure of the frequency dependence that determines
the critical points of the phonon spectra. 2 The availability of high-power
infrared lasers has shifted attention to higher-order phonon processes, where
B << lcm-l. Not only the positions of the multiphonon peaks are of interest,

but also the magnitude of 8 is of great importance now that high intensities

are available.

SR

6,7a,7b

It has been observe't that for frequencies w greater than several

times the reststrahl frequency w £ the optical absorption coefficient varies

nearly exponentially vrith frequency,

B~ exp(-Aw) , (1. 1)

e BT AR R34 TP i« s
G e g B B e
e e R PR S\ :

for a number of crystals including LiF, NaF, NaCl, KCI1, KBr, MgF2 ; CaF2 .
BaF2 , SrF2 » MgO, A1203, 8102 - TiO2 , BaTiO3 , and Sr’I’103 . This is true for
B <10 cm_1 and w 2 2 Wy roughly. In NaCl at room temperature, for instance,

T S T S TP e ey

B decreases nearly exponentially for over four orders of magnitude as the fre-

quency increases from 2,2 we to 5.8 We, as shown in Fig, 1.
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Figure 1. Experimental frequency dependence of the infrared absorption coefficient § for
NaCl after Horrigan and Deutsch (+,® ) Ref, 7, Smart, et al (—-—) Ref.7a, and Genzel (—)

Ref. 7b.
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At first sight, the nearly exponential behavior might suggest the form
B ~ exp (-h w/ kBT). However, the room-temperature values of the coeffi-
cient A in (1. 1) differ by factors of 2 -4 from the value of fl/kBT. Further-
more, the temperature dependence p of B, though not extensively studied to date,

appears to be less strong than exp(-f w/kBT).

In this paper, an investigation of the optical absorption by multiphonon
processes is presented. It is shown that the sum of n-phonon summation pro-
cesses is apsroximately exponentially decreasing with inc reasing frequency
over the frequency range of interest, i.e., about 2 W~ 7Twe, typically. As
illustrated in Fig. 2a, we consider the n-phonon summation process in which
the photon is absorbed by the crystal through the virtual excitation of the funda-
mental reststrahlen mode which finally emits n phonons. In other words, the
electromagnetic field drives the fundamental mode (off resonance since w > W £ Yy
whose relaxation time is determined by the sum of all possible processes of
splitting into n normal modes of lattice vibrations. The Lax-Burstein-Born
higher -order dipole-moment mechanism9 is not considered explicitly, although

most of the analysis still applies to that case.

By energy conservation, the energy hw of the photon absorbed is equal to
the sum of the energies of the n final-state phonons. It follows that the n-phonon
summation process cannot contribute to § when w > n wgr , where wgr is the
greatest frequency of the phonon spectrum. For W << n wgr , the contribution
Bn of the n-phonon summation process to B is small because the low frequen-
cies of the final-state phonons greatly restrict the amount of phase space avail-

able. Thus, ﬁn must peak at a frequency not far below nwgr . As n increases,
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Figure 2, n-phonon summation and confluence processes,
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the peak shifts to higher frequencics and decreases in height since higher-order
phonon processes involve weaker coupling coefficients. The sum of the Bn then
has a frequency dependence nearly exponential in the experimental {requency
range. This behavior of the Bn and the sum of the Bn is demonstrated expli-

citly in Sec. VI.

4. preliminary account of these results has been published. 10 Subsequent
invesrigations are discussed in Sec. II. The exponential frequency dependence
of the absorption was fii1st suggested by Rupprecht6 to be due to n-phonon

processes, although he did not investigate the theory in detail.

In Sec. II, formal expressions for the contribution to f due to multiphonon
processes are given. A practical approximation for the anharmonic coeificient
is chosen. In Sec. IlI, an asymptotic approximation for evaluation of the
n-phonon contribution is developed. In Sec. IV, confluence phonon processes
are shown to be unimportant in the nearly exponential region. In Sec. V, all
possible processes that convert the fundamental phonon to n phonons are ex-
amined, and the contributions of vertex corrections are estimated. In Sec. VI,
the explicit evaluation of Bn is described, and comparison of theory with experi-
ment is made. In Sec. VII, a summary of all the assumpations and approximations
that have gone into the theory is given, and the relation of a computer-calculation

program to the present results is discussed.
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1. ANHARMONIC CONTRIBUTION TO THE ABSORPTION COEFFICIENT

The infrared radiation perturbs the insulating crystal by excitation of the
dipole moment of the crystal by the oscillating electric field. The absorption
coefficient is simply related to the imaginary part of the electric susceptibility

by

Blw) = 4mx (w) w/n c , 2.1)

where c is the speed of light and n. is the refractive index at frequency w.

3,11
The susceptibility, in turn, is just the linear response of the dipole moment.”’

In an anharmonic crystal, the dipole moment can be expanded in powers of the
SR 12 : . .

ionic displacements. For infrared-active crystals, the leading nonzero
term is linear in the ionic displacements. The nonlinear terms (the dominant

mechanism for infrared absorption in such non-infrared-active crystals as

diamondg) are probably small in polar crystals, especially in alkali halides,13’ 14

and shall be neglected in this work. However, there are contrary conclusions.15
Then, the absorption coefficient is given by the imaginary part of the Green's
function of the fundamental mode 2513

41 Ne*2 6 welw

emen 8w w ) [, T ()

where N 1s the number of unit cells, § the volume of the crystal, e* is the Born
effective charge, m, the reduced "nass of the two ions in the unit cell, and T is

the energy relaxation frequency of the fundamental mode (equal to twice the I' in

13
R. A. Cowley's notation ), The real part of the phonon self-energy is understood to

have been included in producing the renormalized reststrahl frequency £ and its

frequency dependence is neglected in Eq. (2.2). A simple classical model of a
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unit time of a transition betwen twy states is 27 /% times the product of the
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] harmonic oscillator (the fundamental lattice mode) driven by the applied electric -‘
field gives (2.2), but with f1" replaced by wI" in the numerator and denominr::n;or.12
4 The contribution I‘n from the n-phonon summation processes to I" can be calcu-
',_ lated by applying16 the standard perturbation-theory result that the probability per

square of the matrix element and the energy conserving delta function, giving

N 2m 2 :
Tn(u)-;l-z-(n+l) nt 2 A Qn)l A(Z‘ 9 bw- z u,QJ)n :

1 1
2.3)
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Furthermore, A(fQ 1’ Qn) denotes the renormalized n+1 phonon vertex,

: ‘where Qj is the phonon mode with<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>